Background: Volatile organic compounds are a major source of air pollution affecting human health and the environment. Different methods are used to remove these pollutants from air streams including conventional and biological methods. Objectives: In this study, the absorption and biodegradation of toluene were examined in a semi-industrial bioscrubber in order to enhance the absorption rate of toluene in the aqueous phase. Methods: The effect of cutting oil was examined as the organic phase. Mass transfer was measured for water only, as well as for three concentrations of cutting oil in water. The growth of microorganisms in the presence of different concentrations of cutting oil was investigated. The microbial consortium was obtained from a wastewater treatment plant in order to inoculate the bioscrubber. First, the ability of the microbial consortium was tested for the degradation of toluene in a bottle.
Background
Volatile organic compounds (VOCs) are major air pollutants affecting human health and the environment (1) (2) (3) . Environmental impacts of these pollutants in the air include atmospheric ozone depletion (due to chlorinated compounds) (4, 5) , stratospheric ozone production (6) , and global warming (7) . Benzene, toluene, and xylene (BTX) have been classified as the priority pollutants by the U.S. Environmental Protection Agency because of their toxicity (8) . A chronic exposure to a low concentration of toluene may cause a range of effects on human health, such as immunological and neurological disorders. Although the toxicity of toluene is less than the toxicity of benzene and it is not classified as a carcinogen to humans, when it is accompanied by benzene, its carcinogenic effects increase. The IARC has classified toluene as group 3 and ACGIH has assigned it in cancer category A4 (probably not carcinogenic to humans) (9) . The use of fossil fuels has been recognized as the most important emission source of toluene to the atmosphere (10) . Toluene is also used as an industrial solvent in paints, adhesives, rubber, plastics, and various chemical compounds. To remove volatile organic compounds from air streams, different methods are used, including conventional and biological methods. The conventional methods used to remove VOC from air streams are divided into two groups, physical (absorption, adsorption, and condensation) and chemical methods (thermal oxidation, catalytic oxidation, ozonation) (11) . Compared to the conventional methods, biological methods are cost-effective and do not generate secondary pollutions (12) .
The biodegradation of BTEX by microorganisms was recognized by Stormer in 1908 when he saw bacillus hexabovorum species grew in a medium containing toluene and xylene (13) . Biofilters, biotrickling filters, and bioscrubbers are favorable biological systems to remove VOCs from the air stream. These methods are the same concerning the removal mechanisms, but they are different in the use of microorganisms, substrate, and concentration of contaminants. The biofilter is ineffective at high flow rates and conCopyright © 2018, Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/) which permits copy and redistribute the material just in noncommercial usages, provided the original work is properly cited centrations of pollutants. It also has a high head loss, limiting its use in the industrial scale. In addition, substrate toxicity may occur in the entrance of the gas stream.
Among the biological processes, bioscrubber has been found to be economical and more reliable in terms of construction and process control compared to other biological processes. Bioscrubber consists of two units, a column through which VOC is absorbed from the contaminated stream to the aqueous phase, and a bioreactor in which the biodegradation of VOC compounds takes place. The aqueous phase is recycled to the column after settling of sludge (14) . To increase the absorption of hydrophobic compounds, an organic phase (immiscible with water) is added to the aqueous phase. Some studies have used nhexadecane (3, 15) and silicone oil (10, 16, 17) as the organic phase to improve the absorption of VOCs from the polluted stream to the aqueous phase. It should be noted that the organic phase must be biocompatible, nontoxic, nonbiodegradable, inexpensive and have low volatility, low vapor pressure, low density, no toxicity, and explosion risk (18) . Mudliar et al. showed that bioscrubber is more efficient than other methods to degrade VOCs at high concentrations. Other features of bioscrubber are a low head loss, moderate operating cost, and good operating control conditions such as pH and temperature (19) . Koutinas et al. showed VOC removal efficiency is higher in bioscrubbers than in biotrickling filters (20) .
Objectives
The purpose of this study was to examine the biocompatibility of cutting oil at different concentrations and mass transfer coefficients and select the optimum concentration of cutting oil to be used in the bioscrubber for the removal of toluene from air streams.
Methods

Biocompatibility Test for Cutting Oil
Since no study has been conducted to determine the compatibility of microorganisms with cutting oil, it was necessary to design some preliminary experiments. For this reason, the following steps were designed. First, 1 mL of activated sludge was diluted in a Falcon 50 mL tube with deionized water to a volume of 10 cc. Three flasks containing 50 mL of the mixture of nutrient broth and cutting oil at the concentrations of 10, 20, and 30% were prepared. One extra flask contained 50 cc of nutrient broth without cutting oil and it was used as the control. Then, 100 microliters of the diluted sludge solution were poured into the four flasks. For the growth of microorganisms, the medium was then aseptically transferred to a flask, placed inside an incubator, and stirred at 250 rpm and 37°C. After 16 hours, 100 microliters of each flask were grown on nutrient agar plates and incubated at 37°C overnight. The growth of microorganisms on the plate at different concentrations of cutting oil was surveyed. All instruments were sterilized by an autoclave before being used.
Microbial Consortium
The bioscrubber was inoculated by activated sludge obtained from an oil industry refinery house. It was assumed that it contained microorganisms being able to biodegrade toluene. During the experiment, a fresh nutrient solution (Merck Co., Germany) was added to the culture every day to provide the necessary nutrients for microbial growth (Table 1) . Toluene was the only carbon source for microorganisms. To evaluate toluene degrading ability of the microbial consortium, the mixture of nutrient and sludge with a ratio of 3:1 was poured into a 300 mL bottle and aerated for 30 minutes. Then, toluene at a concentration of 100 mg/L was added to the test bottles. The control sample was prepared by adding 1% KCN in order to kill microorganisms. Then, the samples were incubated at 28°C and 90 rpm on a rotary shaker in a dark environment. After 72 hours, toluene at the headspace of the bottles was gathered with a gas-tight syringe and injected to GC-FID in order to determine the toluene concentration. 
Apparent Mass Transfer Coefficient
To determine the mass transfer coefficient of toluene concentration at saturation, a 250-mL mixture of water and cutting oil at three concentrations (10%, 20%, and 30%) was prepared in an impinger 500 mL and a gas stream (60 L/m) containing toluene with concentrations ranging from 90 to 100 mg/m 3 was passed through the mixture.
The concentration of toluene at the outlet and inlet was analyzed by GC-FID. The operational conditions of GC were 200°C injection temperature, 130°C oven temperature, and 240°C detection temperature, with an FID detector and capillary column (0.53 mm I.D, 50 m length, 0.25 µm film thickness, CP-Sil 8 CB). The outlet concentration was measured continuously until it reached the saturation point.
The setup was put in a water bath for thermal control (Figure 1) .
To measure the concentration of toluene in the liquid phase and at saturation, the following equations were used, respectively (21, 22) .
(1)
Where: Q = flow rate (m 
Semi-Industrial Bioscrubber Setup
The schematic diagram of the experimental setup is shown in Figure 2 . According to standards, the bioscrubber was equipped with two units. A scrubbing column that was made of stainless steel (H: 1.2 m, inner diameter = 0.3 volume = 84.7, thickness = 1 mm) was equipped with eight nozzles in the intervals of 0.1 m. The sampling ports were placed at the inlet and outlet of gas stream. To measure the pressure of the column, a manometer was used at the top of the column. The biological oxidation took place in the bioreactor containing the microbial consortium (volume 80 L; 75% of the total volume). The experiments were performed at room temperature and the gas flow rate (G) was adjusted at 30 m 3 h -1 (EBRT: 10 seconds).
To measure the gas phase toluene concentration, the gaseous samples were collected from the two sampling ports placed at the inlet and outlet of the absorption column and then directly injected to GC by a gas-tight syringe (Hamilton US). The resulting area was compared with a calibration curve to determine the concentration of toluene in the samples. During the operation period of the bioscrubber, 3 L of the liquid medium was drawn off and renewed with fresh nutrient solutions every day to control pH and provide nutrients for microbial growth. The air stream was supplied with a fan (airflow, UK) and a minor fraction of the air stream was bypassed into a flask filled with liquid toluene (Merck Co., Germany), placed in water bath for thermal control. By adjusting the flow rates of the bypassed streams, various concentrations of toluene were produced. The stream containing contaminant vapor was then mixed with air and conveyed to the bioscrubber.
The performance of the bioscrubber for the removal of toluene from the gas stream was evaluated by calculating removal efficiency (RE%) and elimination capacity (23, 24) .
Removal efficiency (%):
Elimination capacity (EC, mg/m 3 /h):
Where Q is the gas flow rate (m 3 /h), C in and C out are the inlet and outlet toluene concentrations (mg/m 3 ), and V is the volume of the bioreactor medium (m 3 ).
Results
Biocompatibility Testing of Organic Phase
Three different cutting oils were provided in three concentrations and their toxicity effects on the microorganism were examined by the colony counting. The result of biocompatibility testing showed that for all studied cutting oils, the volume fraction of 10% did not have any considerable effect on the growth of microorganisms compared to the control sample. However, the toxicity effect of concentrations of 20 and 30% was noticeable. Table 2 indicates some physical and chemical properties of the studied cutting oils. The results of biocompatibility testing showed the toxic effects of Viyer 4000 and Viyer 5000 were the same. Viyer 5000 at the concentration of 10% due to lower viscosity was chosen as the organic phase to be studied in the bioscrubber.
Apparent Transfer Coefficient (k L a) and Concentration at Saturation (Cs)
At three concentrations of cutting oil and water mixture, toluene at the outlet of impinger was measured and then the concentration of toluene in the liquid phase was Health Scope. In Press(In Press):e65219.
3 . When the toluene concentration at the inlet and outlet of impinger was fixed, it was assumed that the saturation point has reached. Figure  3 presents the concentration of toluene in the gas phase at the outlet of impinger as a function of time in different combinations of cutting oil and water. When the impinger contained only water, the concentration of toluene quickly reached the saturation point. The result showed that for a 10% water-cutting oil mixture, 50% of toluene was absorbed after 200 minutes while this occurred for 20 minutes for water. Table 3 represents the concentration value at saturation point (Cs) and the apparent mass transfer coefficient (k L a) in different scrubbing solutions. Addition of cutting oil to the aqueous phase could enhance the liquid concentration of toluene. For hydrophobic compounds, such as toluene, using an organic phase for improving absorption is necessary.
Degradation Ability of Bacterial Consortium
For this test as mentioned before, the toluenecontaining gas in the headspace of three bottles containing a mixture of nutrient, sludge, and liquid toluene and one control bottle was sampled and analyzed after 72 hours incubation. Figure 4 depicts the comparison of toluene concentration in the headspace of the test samples and the control sample. As seen in Figure 4 , the toluene concentration is significantly higher in the control sample than in the test samples. The results confirmed that biodegradation of toluene occurred using microorganisms in the sludge from a petroleum refinery.
Removal Efficiency of Toluene
The volume fraction 10% of cutting oil was selected as the organic phase based on the results of the biocompatibility test. Then, the effect of the organic phase in various operational conditions of bioscrubber was investigated. After adaptation of microbial consortium in the bioreactor, removal efficiency and elimination capacity at different toluene loads were studied. Figures 5 and 6 illustrate the trend of toluene removal over time, with and without the use of cutting oil in the scrubber solution, respectively. The mean toluene RE and CE increased from 22.5 to 55 and from 34 to 69, respectively, when cutting oil was added to water.
Discussion
The results indicated that the increment of cutting oil fractions would inhibit the microorganism growth. Similarly, Fabian and Pivnick studied the effect of various cutting oil concentrations on a microbial population in the emulsion. They showed that as the oil concentration increased, the mean generation time in the logarithmic phase decreased. They concluded that the number of populations was much lower at higher concentrations of toluene. It could be due to some autoantibiotic effects which were exerted at higher concentrations of oil but not at lower concentrations (25) .
The use of the organic phase at the concentrations of greater than 10% may increase the energy consumption of the liquid recycling. Karimi et al. showed that the use of 10% volume fractions of silicon oil significantly decreased power consumption in a two-phase partitioning stirred tank bioreactor compared to 20% and 30% fractions. They also deduced that the optimal silicone oil fraction was 10% from the viewpoint of oxygen transfer (26) . It was observed that the reduction of the volumetric oxygen transfer coefficient (k L ) could occur at higher silicone oil fractions. It can be explained by the decrease of oxygen diffusion because of oil droplets slightly taking the liquid film around the bubbles or the reduction in the interfacial area (26) (27) (28) .
Different organic phases such as silicon oil, hexadecane, and n-hexadecane have been used in previous studies for the operation of two-phase partitioning bioscrubbers (3, 29) . However, these compounds are more applied to laboratory-scale experiments. Recently, cutting oils that are commonly used in machining metal parts have been investigated in semi-industrial bioscrubber units because of their low cost and availability (21) .
Many factors can affect the mass transfer behavior such as physical and chemical characteristics of the pollutant, viscosity of the liquid medium, gas and liquid flow rate (L/G ratio), gas velocity, pH, and temperature of operation (30) .
According to Table 3 , the addition of cutting oil could significantly decrease the mass transfer coefficient (k L a) of toluene and increase the concentration values at the saturation point of toluene in the solution containing cutting oil. It has been shown that an increase in oil fraction leads to an increase in the viscosity and degree of the pseudo plasticity (31) . It has been demonstrated that when oil fraction increases, the mean distance between the droplets becomes smaller, so it simplifies compacting of oil and leads to increased viscosity (31, 32) sion, which resulted in the decrease of k L a. Indeed, the oils with higher viscosity have lower k L a value due to surface immobility and lower bubble motion (31, 33) . Many studies have shown that using the organic phase in two-phase partitioning bioreactors (TPPBs) can increase affinity to O 2 , thereby resulting in the improved O 2 mass transfer rate from the gas phase to the microorganisms and the enhanced biodegradation of the pollutant (10, 34). Montes et al. also showed that the affinity of silicon oil to O 2 is higher than the affinity to water (up to 10 times) (35) since the organic phase created a thin layer at the gasliquid interface, acting as an intermediary for the movement of O 2 to the aqueous phase (31) .
According to our findings, the concentration of toluene at the liquid phase enhanced with the use of cutting oil compared to water alone. Lalanne et al. confirmed that the addition of cutting oil to scrubber solution increases the concentration at saturation of aromatic compounds, which is consistent with our results (21) . Indeed, the addition of the oil can modify the rate of transfer of the test gas across the boundary layer (27) . It has been proven that the concentration at saturation of the compounds in the aqueous phase is a reciprocal function of the Henry coefficient, and it depends on the hydrophilic character of the pollutant (21, 36) .
Mazzeo et al. assessed the BTEX biodegradation by bacteria from effluents of a petroleum refinery. They concluded that the application of the selected bacteria in biodegradation processes can be a reliable and effective tool in the treatment of BTEX and the petroleum refinery waste can be a source of hydrocarbon-biodegrading microorganisms (13).
Lalanne et al. used a semi-industrial bioscrubber to assess the effect of the cutting oil on the bioscrubber performance. They showed that the addition of cutting oil as an organic phase increased the removal efficiency of hydrophobic compounds from 12% to 36% (21) . This value is much less than that of in the present study, which can be due to the high L/G ratio of our test bioscrubber.
Conclusion
The purpose of the current study was to determine the biocompatibility of cutting oil and its efficacy as the organic phase in order to enhance absorption and biodegradation rate of toluene from air streams. According to the findings that are consistent with the previous studies, it seems that the addition of oil has a positive effect on the purification of the toluene from air streams and the cutting oil at the concentration of 10% does not have a dysfunction effect on the microbial communities (21) . The findings of the study showed that without the use of an organic phase, the removal efficiency and elimination capacity were very low, which can be due to the hydrophobic property of toluene. In addition, the use of cutting oil sig- 
